Background: Time-resolved immunofluorometric assays (TrIFA) using lanthanide-labeled nanoparticles have greatly increased the sensitivity of immunoassays. Current labeling strategies, however, use either physical doping of lanthanide chelates into preformed nanoparticles or covalent linking of lanthanide chelates to precursors used for making nanoparticles; both these strategies have drawbacks. 
The signal development step of lanthanide-based immunoassays involves extra reaction procedures that are timeconsuming and vulnerable to ambient lanthanide contamination. If a fluorescent lanthanide chelate can be used directly as a label, then the signal development step becomes unnecessary and fluorescence can be measured from the solid phase immediately after the immune reactions. Direct labeling has not found wide applications in TRF-based immunoassays, however, mainly because a lanthanide chelate must be highly fluorescent, thermodynamically stable, water soluble, and covalently reactive to serve as a direct label. Such properties are hard to find in any single chelate.
While the development of new chelates is still ongoing, efforts to explore new features of existing fluorescent chelates are generating some intriguing results. An interesting feature found is that the Eu(III) chelate shows fluorescenceenhancing effects in a multiple labeling system (8 -10 ) . In such a system, a carrier molecule such as streptavidin (SA) (8 ) or a polymeric compound (11, 12 ) carrying hundreds of europium chelates is used to label antibody for highly sensitive TRF immunoassays. A breakthrough to further boost the multiple-labeling strategy is the development of nanoparticles containing thousands of fluorescent lanthanide chelates for TRF immunoassays (13) (14) (15) (16) (17) (18) (19) (20) (21) . These nanoparticles are conjugated to SA or antibody to create a detection reagent, which allows direct measurement of fluorescence from the nanoparticles. Polystyrene nanoparticles containing fluorescent Eu(III) chelates have been used for ultrasensitive detection of prostate-specific antigen (13, 20 ) . Recently, Eu(III), Tb(III), Sm(III), and Dy(III) chelate-dyed latex nanoparticles were also synthesized and used in sandwich-type immunoassays (16 ) . At about the same time, silica nanoparticles containing Eu(III) or Tb(III) chelates were prepared and evaluated for TRF immunoassay (22) (23) (24) (25) . Silica nanoparticles containing lanthanide chelates are prepared either by physical doping into the preformed silica nanoparticles or prelinking to precursors for on-site silica nanoparticle formation.
In the present study, we covalently linked lanthanide chelates onto the surface of preformed silica nanoparticles. We then conjugated these particles to detection antibodies and used the resulting conjugates in time-resolved immunofluorometric immunoassay (TrIFA) of hepatitis B surface antigen (HBsAg) and hepatitis B e antigen (HBeAg), both individually and simultaneously, with detection limits being 20-to 30-fold lower than those of ELISA. Evaluation of a large number of clinical samples with the current method detected all positive sera identified by ELISA and 5 HBeAgpositive results that were missed by ELISA. These data indicate that our new labeling approach is suitable for highly sensitive TrIFA in clinical settings.
Materials and Methods preparation of lanthanide-coated nanoparticles
The scheme for preparation of Eu(III)-and Tb(III)-coated nanoparticles is described in Fig. 1A . Preparation details are provided in the Materials and Methods of the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/vol53/issue8. Briefly, we synthesized bare silica nanoparticles using reverse microemulsion (26, 27 ) . We introduced amino groups to the surfaces of these particles by treatment with (3-aminopropyl)trimethoxylsilane (APTMS) (28 ) . We used the aminated nanoparticles for coating Eu(III) ligand 4,4- (A), bare silica nanoparticles were first aminated using APTMS. Eu(III) ligand BHHCT was directly introduced through reaction between chlorosulfo group of BHHCT and amino groups on nanoparticles. After loading with EuCl 3 , the nanoparticles were recovered by centrifugation. The nanoparticles obtained were treated sequentially with TEOS, APTMS, BHHCT, and EuCl 3 as above another 4 times. Tb(III) ligand BPTA was introduced through EDC to link the carboxylic acids groups of BPTA and amino groups on nanoparticles. After loading with TbCl 3 , the nanoparticles were recovered by centrifugation and ready for use. (B), the antibody was first oxidized by NaOI 4 to generate aldehyde groups and then was conjugated to Eu(III)-BHHCT-coated nanoparticles through amino groups on the surface. (C), Tb(III)-BPTA-coated nanoparticles were first linked with oxidized Dextran 500 through Schiff reaction and then SA was immobilized onto the surface of nanoparticles. 
characterization of fluorescent nanoparticles
The number of nanoparticles in 1 mL suspension was calculated according to the density of the silica particle (1.96 g/cm 3 ), average particle diameter, and particle concentration, as reported (13, 23 ) . The apparent number of chelates per nanoparticle was calculated by comparing the signal of a known number of nanoparticles in washing buffer B (10 mmol/L Tris-HCl, pH 9.1, containing 0.5 g/L Tween 20) with a free chelate calibrator in the same buffer. Spectra analysis and lifetime measurements of the nanoparticles are described in the online Data Supplement.
nanoparticle labeling
We conjugated anti-HBsAg IgG to Eu(III)-coated silica nanoparticles using a site-specific method (29 ) 
nonspecific binding of antibody-conjugated lanthanide nanoparticles
We carried out nonspecific binding studies with particle concentrations ranging from 4.1 ϫ 10 Ϫ12 mol/L to 1.3 ϫ 10 Ϫ10 mol/L, which covers the concentration (6.5 ϫ 10 Ϫ11 mol/L) used for calibration curve studies. Detailed protocols are described in the online Data Supplement.
immunoassays After monoclonal antibody B20 (5 g/mL in 20 mmol/L Tris-HCl buffer, pH 7.4) was physically coated on the microtitration wells (50 L/well), we added 50 L HBsAg standard solutions or serum samples to each well. We incubated the plate at 37°C for 45 min followed by 3 washes with washing buffer A [10 mmol/L PBS (10 mM sodium phosphate, pH 7.4, containing 0.15 M NaCl), pH 7.4, containing 0.5 g/L Tween 20]. Then we added 50 L Eu(III)-BHHCT-coated nanoparticles conjugated with monoclonal anti-HBsAg antibody S04 [diluted 2000-fold with dilution buffer (10 mmol/L Tris-HCl, pH 7.8, containing 2 g/L bovine serum albumin, 1 g/L NaN 3 , and 9 g/L NaCl)] to each well. The plate was incubated at 37°C for 90 min, washed 5 times with washing buffer B, and subjected to TRF measurement. TrIFA of HBeAg was carried out similarly, except that we used biotinylated anti-HBeAg antibody and SA-conjugated, Tb(III)-BPTA-coated silica nanoparticles. Detailed procedures are provided in the online Data Supplement.
We carried out simultaneous assay of HBsAg and HBeAg with Eu(III)-BHHCT-and Tb(III)-BPTA-coated nanoparticles as follows. Both anti-HBsAg monoclonal antibody B20 and anti-HBeAg monoclonal antibody KE (each diluted to 5 g/mL with 20 mmol/L Tris-HCl buffer, pH 7.4) were simultaneously coated on the microtitration wells (50 L/well) by physical adsorption. Then we added 50 L HBsAg and HBeAg standard solutions or serum samples to each well. The plate was incubated at 37°C for 45 min and washed 3 times with washing buffer A. We added biotinylated anti-HBeAg (50 L) antibody to each well and incubated the plate at 37°C for 45 min. After washing the plate 3 times with washing buffer A, we added 50 L of the Eu(III)-BHHCT-conjugated anti-HBsAg and Tb(III)-BPTA-conjugated SA to each well. The plate was incubated at 37°C for 90 min, washed 5 times with washing buffer B, and subjected to TRF measurement.
For comparison studies, we comparatively analyzed all serum samples with ELISA reagent sets. For samples showing inconsistent results between TrIFA and ELISA, we performed real-time PCR according to the manufacturer's manual to verify the existence of viral DNA. We carried out analytical recovery of TrIFA by adding standard HBsAg or HBeAg to 3 human serum samples (1 negative sample and 2 positive samples) and detecting the concentrations of HBsAg or HBeAg. We also subjected the reference panels for HBsAg and HBeAg assays to TrIFA for validation study.
Results

preparation and characterization of lanthanide chelate-coated silica nanoparticles
Bare silica nanoparticles had spherical form and uniform size [55 (5) nm in diameter, mean (SD)] (Fig. 2, A and B) . After APTMS treatment, we confirmed the existence of amino groups on the surfaces by observing salicylaldehyde-mediated yellow color. When Eu(III)-BHHCT was coated to silica nanoparticles, aggregation occurred immediately after mixing BHHCT with the nanoparticles in ethanol. The aggregated nanoparticles were dispersed by ultrasonic treatment. We used a multiple-round coating strategy to increase overall chelate loading. With Eu(III), maximal loading was achieved after 5 rounds of coating, probably owing to gradual saturation of all BHHCT linkage sites on the nanoparticle (some of these sites might have been blocked in the first 4 rounds of reaction because of aggregation). Coating of Tb(III)/BPTA did not result in any aggregation, and extra rounds of coating did not increase the overall fluorescence intensity.
The Eu(III)-BHHCT-and Tb(III)/BPTA-coated nanoparticles showed no change in size and shape compared with the bare silica nanoparticles, but both had clusters of black spots on the particle surface (Fig. 2, C and D) . The clustered distribution of Eu(III)-BHHCT on the silica nanoparticles functionalized with APTMS was similar to that of gold nanoparticles when adsorbed on the same functionalized surfaces (30 ) . The fluorescence spectra of coated lanthanide chelates showed no difference from conjugation of antibody to lanthanide-coated silica nanoparticles
The existence of amino groups after lanthanide coating, which was detected by salicylaldehyde-mediated yellow color, allowed us to use a site-specific labeling strategy to conjugate antibody to Eu(III)-BHHCT-coated nanoparticles (Fig. 1B) . To achieve the highest sensitivity and specificity, we screened for the best combination of capture and detection antibody pair among 9 anti-HBsAg antibodies including 4 polyclonal antibodies and 5 monoclonal antibodies. The optimal antibody pair with HBsAg was monoclonal antibody S04 as the detection antibody and monoclonal B20 as the capture antibody. The labeling ratio was also optimized with this antibody pair, and we found that 0.8 mg antibody and 4 mg (0.051 nmol) nanoparticles gave the highest signal-to-noise ratio. Unlike Eu(III)-BHHCT-coated nanoparticles, direct conjugation of antibody to Tb(III)-BPTA-coated nanoparticles failed to give any meaningful results. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) chemistry used for BPTA conjugation might be responsible for this failure, because excess EDC might block part of the amino groups on the silica nanoparticles, making them less accessible to antibody conjugation. By using oxidized Dextran 500 as a neutral and hydrophilic arm, we successfully linked SA to the nanoparticles, which allowed subsequent conjugation of biotinylated anti-HBeAg antibody to nanoparticles (Fig. 1C) . The conjugates prepared were fairly stable. Conjugate stock solutions (10 mg/mL; i.e., 1.3 ϫ 10 Ϫ7 mol/L) could be kept at 4°C for 2 years without obvious loss of detection sensitivity.
nonspecific binding of nanoparticle conjugates
Overall nonspecific binding of Eu(III)-BHHCT-coated nanoparticles was Ͻ0.002% (Table 1 ). The nonspecific binding of antibody-conjugated and nonconjugated Eu(III) nanoparticles showed no obvious difference between anti-HBsAg antibody-coated or SA-coated wells; however, the nonspecific binding on SA-coated wells was always lower than that of antibody-coated wells. When additional nanoparticles were added, SA-coated wells showed a slight increase in nonspecific binding, whereas antibody-coated wells showed a negligible increase. The nonspecific binding of Tb(III) nanoparticles onto antibody-coated wells was also Ͻ0.002%. The nonspecific binding of antibody conjugates prepared in the present work was comparable with chelate-doped nanospheres (21 ), though slightly higher than those delicately modified nanospheres with PEG-tethered chains (31 ).
TrIFA of HBsAg
The dynamic range of the nanoparticle-based TrIFA of HBsAg was 0.05-111.1 g/L (Fig. 3A) . The detection limit, defined as the concentration corresponding to a signal that is 3 SD above the zero calibrator, was 0.0092 g/L. The CV along the entire concentration range was between 1.76% and 8.72% (n ϭ 8). The analytical recovery was in the range of 99.1%-106.5%, CV 2.31%-4.40% (Table 2 ). In contrast, the linear range of ELISA was 0.2-5.0 g/L, with a detection limit of 0.2 g/L. When 338 human serum samples were analyzed with both TrIFA and ELISA, the cutoff value was defined as 2.1 times the mean signal of the negative control (Fig. 3B) . Based on the cutoff value, the 2 methods gave completely consistent results for all serum samples. Experiments with the reference panel of HBsAg also generated values as expected (data not shown).
TrIFA of HBeAg
The linear range of the nanoparticle-based TrIFA of HBeAg was 15.0 to 1.11 ϫ 10 4 NCU/L (Fig. 4A) . The detection limit was 10.0 NCU/L. The CVs along the whole concentration range were within 3.99% to 12.11% (n ϭ 8). The analytical recovery was in the range of 95.1% to 105.0%, with CVs of 2.39% of 9.09% (Table 2 ). In contrast, the linear range of ELISA was narrower (3.0 ϫ 10 2 to 9.6 ϫ (Fig. 4B) . To clarify this difference, these samples were subjected to ELISA tests for HBsAg; HBs, HBe, and HB core antibodies; and real-time PCR assay for hepatitis B virus DNA. Five of 6 samples were confirmed as truly hepatitis B virus-positive samples (see Table S1 in the online Data Supplement). One sample seemed to be false positive, although the result needs further investigation. These results demonstrated that TrIFA had higher sensitivity than ELISA in HBeAg detection. TrIFA of the reference panel of HBeAg also generated expected results (data not shown). Fig. S1 in the online Data Supplement) and used it to build up universal calibration curves for simultaneous TrIFA under different conditions (see Fig. S2 in the online Data Supplement). We then studied the interference between the 2 antibody pairs and noticed that the capture antibody EB3 used in the single assay of HBeAg had strong nonspecific binding to the detection antibody S04 for the HBsAg assay, resulting in high background signals in the HBsAg detection. Thus we changed EB3 to KE in the simultaneous assay after reselection of antibody pairs. Although the substitution of KE for EB3 caused a slight decrease in the assay sensitivity of HBeAg, the interference between the 2 antibody pairs was eliminated. According to the calibration curves of the simultaneous TrIFA of HBsAg and HBeAg (see Fig. S2 in the online Data Supplement), the linear range was 0.11 to 65.41 g/L for HBsAg and 33.0 to 8.1 ϫ 10 3 NCU/L for HBeAg; the detection limit was 0.033 g/L for HBsAg and 27.0 NCU/L for HBeAg. The CVs (n ϭ 8) along the whole concentration range were Ͻ10% for both assays.
When 307 human serum samples (including the 6 samples that showed inconsistent results between individual TrIFA and ELISA in the HBeAg assay) were analyzed with simultaneous TrIFA as well as ELISA using the same cutoff value definition as above, concordant results were obtained for all the samples in HBsAg (see Table S2 in the online Data Supplement). The simultaneous assay results for HBeAg showed that, among those 6 differential samples, only 2 (no. 174 and 314) were detected as HBeAg positive in the simultaneous assay. The results of other samples were concordant with ELISA. These results showed that the sensitivity of the simultaneous assay was slightly lower than the individual assay (at least in the case of HBeAg), though still higher than ELISA.
Discussions
Nanoparticle-based TrIFA using lanthanide chelate labels provides an ultrasensitive tool for clinical detection. Taking advantage of both multiple labeling and versatile surface modification of silica nanoparticles, we have directly coated Eu(III) and Tb(III) chelates on the surface of nanoparticles. The particles prepared are successfully used in detection of HBsAg and HBeAg, with a detection limit that is lower than (or equivalent to) other nanoparticle-based TrIFAs and is ϳ20-to 30-fold lower than ELISA. Moreover, we successfully detected both antigens simultaneously in a single assay. Thus, the present label- ing strategy may help lanthanide chelate-based fluorescent TrIFA gain more clinical applications.
Our covalent surface coating approach has many advantages over existing labeling strategies. First, compared with multiple labeling strategy using proteins (8 ) or polymers (12 ) , our coating process is more straightforward and controllable. Silica nanoparticles are chemically inert, and the coating reaction can be carried out in either organic or water solutions depending on the solubility of the chelate used. Separation of finished nanoparticles from free chelates or unconjugated proteins can be simply conducted by centrifugation. Second, the surface coating approach obviates many drawbacks inherent in the encapsulation strategy currently used for loading lanthanide chelates to latex or silica nanoparticles. For example, covalent coating eliminates the potential leakage problem often encountered in physical doping/dying. So far, physical dying/doping is nearly exclusively used with latex nanoparticles and frequently applied in silica nanoparticle labeling. It has been shown in silica nanoparticles that chelate leakage compromises its performance as label in TrIFA (23) (24) (25) . Although the leakage problem has not been well explored with latex particles, its potential harm to immunoassay cannot be ignored (32 ) . Third, covalent surface labeling of silica nanoparticles allows flexibly adjusting/maximizing the number of chelates coated on each particle without jeopardizing the uniformity of the nanoparticles. The spongelike, porous nature of silica nanoparticles provides much more surface area than solid nanoparticles do, which allows increased numbers of chelates to be loaded on every silica nanoparticle. In contrast, in either physical doping (23) (24) (25) or covalent binding-copolymerization (22, 33 ) , the amount of lanthanide chelates has to be delicately controlled to avoid irregular (or even no) nanoparticle formation, limiting the number of chelates that can be loaded on each nanoparticle. That may explain why our surface coating strategy allows more chelates per nanoparticle than the encapsulation methods (16, 22 ) . Fourth, fluorescence quenching was not observed with our surface-coated chelates. In contrast, fluorescence quenching is readily observed with encapsulated chelates (23, 24 ) . Lack of quenching further makes the effective chelate number on surface-coated nanoparticles higher than inside-encapsulated nanoparticles. Finally, despite that organic fluorophores encapsulated inside silica nanoparticles are more photostable than free fluorophores (27 ) , the surface-coated lanthanide chelates are also very stable for routine use. Such an observation may be because lanthanide chelates themselves are more photostable than organic fluorophores (23, 25 ) or because in TRF detection, the pulsed excitation light resource causes less photobleaching than constant irradiation in conventional fluorometric detection.
Despite many advantages shown by lanthanide chelate-coated silica nanoparticles, whether they can achieve high sensitivity in immunoassays also depends on many other factors. For example, the binding reagents used, the experimental conditions, and nonspecific binding are all crucial to the sensitivity of the immunoassay, in addition to the delectability of the label (9, 34 ) . On screening antibody pairs, optimizing antibody conjugation format, evaluating nonspecific binding of the conjugated antibodies, and interference correction, ultrahigh sensitivity for both individual and simultaneous detection of HBsAg and HBeAg was realized. Although these factors may mean increased labor intensity for development of a TrIFA assay, it is worthwhile to consider them to achieve the best sensitivity. The low nonspecific binding of the antibody conjugates further confirms the advantages of the hydrophilicity of silica nanoparticles. Through these simple optimizations, our particles give a detection limit for HBsAg of 0.0092 g/L, which is slightly lower than latex nanoparticles (0.028 g/L) (17 ) and silica nanoparticles (0.023 g/L) (22 ) . The high sensitivity is especially meaningful for HBeAg, because it is an indicator of hepatitis B virus replication and can remain undetected by classic ELISA in certain samples.
We also established direct, simultaneous detection of 2 analytes using Eu(III) and Tb(III) chelate-coated silica nanoparticles. By using a novel correction algorithm, nearly the same sensitivity was achieved in the simultaneous assays as in the individual assays. Although simultaneous detection using Eu(III) and Tb(III) chelates has been previously achieved by stepwise detections (35, 36 ) , to our knowledge, this is the first time that simultaneous detection was achieved in a single assay. Other simultaneous detection formats have been reported utilizing Eu(III) and Sm(III) chelates (37, 38 ) . However, because Sm(III) chelate has rather low fluorescence yield and relatively short fluorescence lifetime, the Eu(III) and Sm(III) dual-label TrIFA has much lower sensitivity than the individual Eu(III) label assay. Thus, our dual-labeling strategy may allow more dual analysis to be performed simultaneously.
In conclusion, we developed a multiple labeling strategy for coating fluorescent lanthanide chelates on the surface of silica nanoparticles for TrIFA. This strategy was successfully demonstrated in both individual and simultaneous detection of HBsAg and HBeAg, with the detection limit lower than existing labeling approaches. Validation with a large number of clinical samples indicates that our labeling strategy may serve as a solid step toward the clinical use of nanoparticle TRF-based immunoassays.
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